Chronic hepatitis C infection is a leading cause of morbidity and mortality worldwide, with hepatitis C related cirrhosis being the most common indication for transplant and a major cause for the increase in hepatocellular carcinoma worldwide. Treatment for hepatitis C has consisted of nonspecific immunomodulatory therapies that stimulate the immune system and inhibit hepatitis C replication. Pegylated (peg-)interferon and ribavirin have been the standard of care with an overall sustained response rate of 40-50% in patients with genotype 1 infection, and 80% in genotype 2 or 3. Recently, direct-acting antiviral agents, including boceprevir, have demonstrated improved sustained response rates in patients with genotype 1 infection when given in combination with interferon and ribavirin. Boceprevir is a structurally novel hepatitis C virus (HCV) nonstructural 3 (NS3) protease inhibitor that has demonstrated robust antiviral activity in HCV replicons. Clinically, in phase II and III trials, boceprevir 800 mg three times daily with peginterferon and ribavirin has led to improved sustained response rates in genotype 1 infection treatment-naive patients, relapsers, partial responders, and null responders. Phase II data have demonstrated that ribavirin is essential for optimal boceprevir response. Moreover, phase II data have suggested that a 4-week peginterferon or ribavirin lead-in strategy may reduce relapse rates and provide crucial on-treatment data for treatment response with boceprevir addition. Side effects of boceprevir when added to peginterferon and ribavirin are similar to peginterferon and ribavirin, though higher rates of anemia have been noted, with an incremental increase in erythropoietin use. The addition of boceprevir represents a major advance in patients with genotype 1 infection who are treatment naïve. * Time after pegylated-interferon α2b plus ribavirin in control arm; time after boceprevir dosing in treatment arms. B, boceprevir; HCV, hepatitis C virus; P, pegylated interferon α2b; R, ribavirin.
Introduction
Chronic hepatitis C affects approximately 170 million people worldwide [National Institutes of Health, 2002; Alter, 2007; McHutchison and Bacon, 2005] . It is the most common blood-borne infection in many parts of the world and is a major cause of chronic liver disease, which if left untreated, may progress to cirrhosis with or without hepatocellular carcinoma. Hepatitis C remains the most common indication for liver transplantation worldwide, with over 500,000 deaths annually due to complications of hepatitis C [Davis et al. 2010; El-Serag and Rudolph, 2007] Therapy of hepatitis C Until this year, the therapy for hepatitis C has consisted of nonspecific treatments that stimulate the immune system and interfere in a nonspecific manner with hepatitis C viral replication [Hoofnagle and Seeff, 2006 ]. The standard of care for all genotypes of hepatitis C is pegylated (peg-)interferon and ribavirin for 24 weeks (genotypes 2 and 3) or 48 weeks (genotype 1), which results in overall sustained response rates of approximately 50% [Lauer and Walker, 2001b] . Other groups have lower sustained response rates due to poor interferon responsiveness. Sustained response rates for black patients are substantially lower, with two studies demonstrating sustained response rates of 19-28% in black patients and lower sustained response rates also seen in patients of Hispanic origin [Conjeevaram et al. 2006; Muir et al. 2004; Rodriguez-Torres et al. 2009 ]. In patients who achieve sustained response, longterm benefits may be seen, including a reduction in inflammation, improvement in liver fibrosis and better quality of life [Poynard et al. 2000 ]. Most recently, the concept of response-guided therapy through the use of viral kinetics has allowed for tailoring of duration of therapy in genotype 1 and genotypes 2 and 3 [Diago et al. 2010; Ferenci et al. 2010; Shiffman et al. 2007 ].
Prior to discussing new therapies for hepatitis C, it is important to have a basic understanding of the hepatitis C viral lifecycle. The hepatitis C virus (HCV) is a single-stranded RNA molecule that is approximately 9600 nucleotides in length [Lauer and Walker, 2001a] . Viral protein synthesis is mediated by an internal ribosome entry site that binds directly to ribosomes. RNA is translated into a polyprotein of 3000 amino acids that is proteolytically cleaved into four structural and six nonstructural (NS) proteins (Figure 1 ) [Bartenschlager and Lohmann, 2000; Bartenschlager, 2002] . The structural proteins are used to assemble new viral particles and the NS proteins support viral RNA replication. The NS3/4A is a serine protease (NS3) and cofactor (NS 4A) that catalyzes the post-translational processing of NS proteins from the polyprotein, which is important for viral replication. The NS3 protease cleaves NS4A-NS4B, NS4B-NS5A and NS5A-NS5B junctions. The products released go on to form a replicative complex responsible for forming viral RNA. Thus, NS3/4A provides an ideal target for antiviral therapy.
HCV replicons have provided an important tool in the investigation of the serine protease as a potential target for anti-HCV therapies. Prior to HCV replicons, in vitro HCV replication models had been difficult to establish. In 1999, Lohmann and colleagues described a reliable method of HCV replication with subgenomic HCV RNA in a hepatoma cell line [Lohmann et al. 1999] . Based on the finding that in other viral replication models, structural proteins are not required for RNA replication, the HCV RNA genome was modified. Structural proteins were replaced with a selectable marker; in this case, a gene encoding neomycin phosphotransferase (NPT), which inactivates the cytotoxic drug G418. The hepatoma cells were then transfected with the subgenomic RNA replicon and placed in a medium containing G418. Only cells in which the replicon amplified sufficiently were able to produce NPT and confer G418 resistance. The surviving cells were isolated to form colonies of cell clones that carry stable replicating HCV replicons. This technique has allowed evaluation of therapeutic agents that inhibit viral replication and characterization of resistant mutants [Bartenschlager, 2002] .
Boceprevir early clinical results
Boceprevir is a structurally novel ketoamide HCV NS3 linear protease inhibitor that forms a covalent and reversible bond to the NS3 protease active site ( Figure 2) . In vitro studies have demonstrated robust antiviral activity in an HCV replicon model, with treatment of HCV replicons resulting in a 2 log 10 reduction of HCV RNA level at 72 h and 4 log 10 reduction by day 15 [Malcolm et al. 2006] . In these preliminary studies, boceprevir demonstrated no toxic effects. The addition of interferon appeared to be additive, rather than synergistic, and these promising preliminary data were used as the foundation to design clinical trials for boceprevir.
Phase I studies: boceprevir monotherapy
The initial phase I trial evaluated the safety, tolerability, and efficacy of the NS3 protease inhibitor, boceprevir, at doses ranging from 100 to 400 mg daily in a genotype 1 population whose condition had not responded to interferon and ribavirin. In this European trial, 26 patients with genotype 1a or 1b infection without early virologic response were randomized to a three-way crossover study with boceprevir at doses of 200 or 400 mg three times a day for 1 week, peginterferon α2b, 1.5 μg/ kg weekly for 2 weeks, and a combination of peginterferon and boceprevir [Sarrazin et al. 2007] . At least 2 weeks between treatments was mandated for washout of therapy. The combination of peginterferon and boceprevir gave the greatest viral reductions which were additive. The HCV RNA reductions ranged from 2.28 logs in the group receiving boceprevir 200 mg three times a day to a maximum of 2.7 logs in the group receiving boceprevir 400 mg three times a day. Pharmacokinetic data did not reveal significant interaction between peginterferon and boceprevir with area under the curve (AUC) for each drug comparable to AUC results noted with monotherapy for either drug.
With the preliminary data from the phase I studies, a phase II dose-finding study, RESPOND-1 (Retreatment with HCV Serine Protease Inhibitor Boceprevir and PegIntron/Rebetol), was initiated with multiple goals. The first goal was to ascertain the optimal boceprevir dose to maximize sustained response while minimizing toxicity. The second goal was to determine whether ribavirin would be required in combination with peginterferon α2b and boceprevir in the treatment of null responders. Finally, this study sought to determine the optimal duration of boceprevir in the treatment of a null responder population. In this phase II study, 357 null responders who failed to achieve early virologic response (<2 log 10 reduction), or failed to clear the virus after 12 weeks of therapy and who demonstrated an 80% compliance with medicines and duration, were enrolled. These null responders were treated with peginterferon α2b and boceprevir in ascending doses (100, 200, 400, 800 mg three times daily) or with peginterferon α2b, boceprevir 400 mg three times a day and ribavirin [Schiff et al. 2008 ]. The control arm received peginterferon α2b plus ribavirin. An interim analysis by the Data Safety Monitoring Board led to a protocol amendment in that all patients who responded (who have <10,000 IU/ml on their original randomized therapy) were assigned to receive open-label peginterferon α2b, weight-based ribavirin, and boceprevir 800 mg three times a day for 24 weeks. The sustained response rates were low in this study; however, the results establish several important concepts that have been carried forward in the treatment of hepatitis C with NS3 protease inhibitors. For the treatment of null responders (and all patients with genotype 1 infection as later determined), ribavirin is required for optimal response. The study also determined an optimal boceprevir dose of 800 mg three times daily, a dose that no patient initially received. With boceprevir in null responders, a more rapid clearance of HCV RNA and longer duration of therapy with undetectable HCV RNA levels also predicted sustained response. Finally, null responders who initially received peginterferon α2b and ribavirin without boceprevir (control arm) with interferon responsiveness (1-2 log 10 reduction at week 13) were more likely to go on to a sustained response with boceprevir addition, regardless of the dose.
These preliminary results led to a design of a phase II clinical trial, the HCV Serine Protease Inhibitor Therapy I (SPRINT I) study, evaluating boceprevir in combination with peginterferon α2b and ribavirin in genotype 1 treatment-naïve patients [Kwo et al. 2010 ] .There were two parts to this multiarm study, which enrolled patients with genotype 1 infection. In the first part, patients received peginterferon α2b, weight-based ribavirin, and boceprevir therapy 800 mg three times a day for 28 (PRB28) or 48 weeks (PRB48), or a lead-in strategy with 4 weeks of peginterferon α2b and ribavirin, followed by boceprevir 800 mg three times a day with peginterferon and ribavirin for 24 weeks (PR4/PRB24) or 44 weeks (PR4/ PRB44), and these therapies were compared with peginterferon α2b and ribavirin for 48 weeks. A second part explored a low-dose ribavirin arm due to an anemia signal with boceprevir, in which patients were randomized to receive peginterferon α2b, boceprevir 800 mg three times a day, and ribavirin 400-1000 mg, and this was compared with triple therapy with full-dose ribavirin (800-1400 mg) with peginterferon α2b, and boceprevir.
The rationale for the potential benefit of the leadin strategy with 4 weeks of peginterferon α2b and ribavirin was based on allowing peginterferon α2b and ribavirin to reach steady-state concentrations by week 4. This meant that boceprevir could be added when the backbone drug levels were optimized and the patient's immune system fully activated. It was hoped that this approach would minimize the time on functional monotherapy, given the relatively low barrier to resistance seen with the linear NS3 protease inhibitors, and reduce the development of drug resistance and breakthrough. In this multicenter international trial, 100 patients were enrolled in each arm in part 1 and stratified according to the presence of cirrhosis (6-9% per arm) and African American race (14-17% per arm). Demographic data from the SPRINT I study are shown in Table 1 .
In all treatment arms, the addition of boceprevir improved sustained virologic response (SVR) rates ( Figure 3 ). In the 28-week treatment arms, SVR rates were 56% for the PR4/PRB24 lead-in arm and 54% with triple therapy (PRB28). Extending boceprevir therapy for 44 weeks (PR4/ PRB44 ) improved the SVR rate to 75% in the peginterferon α2b and ribavirin lead-in arm with 44 weeks of peginterferon α2b, ribavirin, and boceprevir and 67% in the triple therapy arm with peginterferon α2b, ribavirin, and boceprevir (PRB48) all given for 48 weeks. In addition, improved SVR rates were seen in difficult-to-treat patients. Up to 53% of black patients achieved sustained response with the addition of boceprevir. This number represents a substantial improvement over the 21-23% SVR rate that has been reported for 48 weeks of peginterferon α2b and ribavirin [Muir et al. 2004; Conjeevaram et al. 2006 ]. Moreover, patients with cirrhosis also demonstrated substantial improvement in SVR rates, with rates as high as 67% reported. In part 2 of the study, low-dose ribavirin was shown to be associated with reduced SVR rates with high rates of breakthrough and relapse.
Achieving rapid virologic response (RVR) with the addition of boceprevir could also predict sustained response. Compared with the control group of peginterferon α2b and ribavirin, substantially more patients in the boceprevir treatment groups achieved RVR (week 4 of boceprevir addition), and this predicted high rates of sustained response with shorter duration of therapy. In the SPRINT I study, RVR and complete early virologic response (cEVR) were defined by the week of boceprevir therapy; therefore, the week 4 RVR and cEVR were at weeks 8 and 16 of total therapy with peginterferon α2b and ribavirin. RVR rates were observed in 60% of the PR4/PRB24 arm, 39% in the triple therapy PRB28 arm, and 8% in the PR48 control arm. Similar rates were seen in the 48-week treatment arms, with an RVR rate of 64% in the PR4/PRB44 arm, and 37% in the PRB48 arm. Regardless of the treatment arm, achieving RVR predicted sustained response, with 82% of the PR4/PRB24 arm achieving SVR and 74% of the PRB28 RVR patients achieving SVR. In the PR4/PRB44 treatment arm, 94% of patients achieved an RVR at week 4 of boceprevir, and 84% of patients in the PRB48 arm achieved sustained response. Achieving cEVR (undetectable HCV RNA at week 12 of boceprevir) also predicted sustained response. Moreover, patients who cleared the virus between weeks 4 and 12 of boceprevir therapy (late responders) were more likely to go on to achieve sustained response in the lead-in arms if they received a total of 48 weeks of therapy (Table  2) . Indeed, approximately two-thirds of patients achieved undetectable HCV RNA (RVR at week 4 of boceprevir). An additional 19 patients in both lead-in arms cleared the virus between weeks 4 and 12, and in those who received extended therapy for 48 weeks, 15 of 19 went on to achieve sustained response. These results suggest that a response-guided paradigm may be appropriate for boceprevir, with those clearing the virus early requiring just 28 weeks of therapy and those who are late responders benefiting from an extension of therapy. The addition of boceprevir after the 4-week lead-in period also demonstrated that SVR could be predicted by the degree of peginterferon α2b/ ribavirin responsiveness achieved during the initial 4 weeks of therapy. If a reduction of more than 1.5 log 10 was achieved during the lead-in period, high rates of SVR were achieved with boceprevir addition regardless of treatment duration. However, even patients whose condition responded poorly to peginterferon α2b/ribavirin with less than 1 log 10 reduction at week 4 of the lead-in period could achieve SVR with boceprevir addition. A total treatment duration of 48 weeks led to better SVR rates (55%) than the 28-week treatment duration (28%) in these patients. Thus the lead-in period may be used to assess the degree of peginterferon α2b/ribavirin responsiveness and could help predict SVR with boceprevir addition.
The relapse rates in the 28-week treatment arms were comparable and the presence of RVR markedly reduced relapse rates (Figure 4) . In the 48-week treatment arms, a lower relapse rate was noted in the peginterferon α2b/ribavirin lead-in arm, although it was not statistically superior to the non-lead-in arm. Similarly, a modest reduction in viral breakthrough in the lead-in arms was noted compared with the no-lead-in arm, though this did not reach statistical significance.
The most common side effects of boceprevir were anemia, nausea, vomiting, and dysgeusia, and treatment discontinuation rates were higher in the boceprevir groups compared with the standard therapy groups (26-40% versus 15%). The majority of hemoglobin reductions were grade 1 and 2 according to the World Health Organization criteria, and no increase in skin or subcutaneous disorders was noted. Treatment discontinuation for anemia was rare in all boceprevir-containing arms. A recent study suggested that anemia may represent a surrogate marker of ribavirin exposure in patients with genotype 1 infection, with higher rates of anemia correlating with sustained response . In the SPRINT I study, in which erythropoietin was used to manage anemia at the investigator's discretion, the development of anemia and erythropoietin use were associated with improved SVR rates ( Figure 5) . A large trial is currently under way and will explore the role of erythropoietin α administration versus ribavirin dose reduction as an anemia management strategy in patients receiving peginterferon α2b, ribavirin, and boceprevir.
Phase III studies
The two large phase III trials of boceprevir, SPRINT II for patients who are treatment naïve, and RESPOND-2 (Retreatment with HCV Serine Protease Inhibitor Boceprevir and PegIntron/ Rebetol 2, NCT00708500) for those whose condition has not responded, have been fully enrolled. SPRINT II enrolled over 1000 patients and will test a peginterferon α2b/ribavirin response-guided therapy paradigm with peginterferon α2b/ribavirin lead-in period and 44 weeks of boceprevir to peginterferon α2b/ribavirin control. In the response-guided paradigm, patients receive 24 weeks of peginterferon α2b, ribavirin, and boceprevir after a 4-week lead-in period, followed by a peginterferon α2b tail without boceprevir in slow responders who do not clear the virus at week 8 and week 24 of treatment. The final results have been reported and the addition of boceprevir was found to lead to an overall SVR rate of 63-66% [Poordad et al. 2011b] . In this study, two cohorts were predefined as non-black and black. The SVR rate in the non-black cohort was 67% in the response-guided therapy arm versus 68% in the 44-week boceprevir fixed-duration arm. These rates were both significantly higher than the peginterferon α2b/ribavirin control SVR rate of 40%. In the black cohort, the responseguided arm achieved an SVR rate of 42% versus 53% in the 44-week boceprevir arm, with a rate of 23% achieved in the peginterferon α2b/ribavirin control arm. The US Food and Drug Administration approved a response-guided paradigm with boceprevir, and if HCV RNA levels are undetected at weeks 8 and 24, patients may be treated for 28 weeks. If HCV RNA is detected at week 8 and undetected at week 24, then patients should receive peginterferon α2b/ribavirin with boceprevir for 36 weeks followed by a 12-week peginterferon α2b/ribavirin tail for a total of 48 weeks of therapy. Patients with cirrhosis and whose condition responds poorly to peginterferon α2b/ribavirin (<1 log 10 reduction after lead-in period) should receive peginterferon α2b/ribavirin for 4 weeks, followed by 44 weeks of peginterferon α2b/ribavirin and boceprevir.
The phase III RESPOND-2 trial also evaluated a response-guided therapy arm. The trial compared a peginterferon α2b/ribavirin lead-in period and 32 weeks of peginterferon α2b, ribavirin, and boceprevir, followed by a 12-week peginterferon α2b/ribavirin tail, depending on viral response, with a 4-week peginterferon α2b/ribavirin lead-in period and 44 weeks of peginterferon α2b/ribavirin, and boceprevir in relapsers and partial responders to peginterferon α2b/ribavirin. The results have been published and show that the addition of boceprevir markedly improved SVR rates in relapsers and nonresponders. Relapsers achieved an SVR rate of approximately 75%, and partial responders achieved an SVR of approximately 52% with 44 weeks of peginterferon α2b, ribavirin, and boceprevir. Again, lower SVR rates were noted in patients whose condition poorly responded to peginterferon α2b/ribavirin. In this study, null responders were not prospectively enrolled; however, a recent report of the PROVIDE study suggested that SVR rates with peginterferon α2b, ribavirin, and boceprevir are comparable to SVR rates seen with the addition of telaprevir to peginterferon α2b/ribavirin in null responders [Vierling et al. 2011] . The phase III trials allowed a retrospective analysis of the role of the interleukin (IL)-28B polymorphism in patients receiving boceprevir. The recently identified IL-28 polymorphism helps predict responsiveness to pretreatment with peginterferon α2b and ribavirin. Patients with the IL-28 CC genotype have the greatest likelihood of achieving sustained response (70-80%) with peginterferon α2b and ribavirin, and IL-28B is the strongest pretreatment predictor of SVR in patients receiving peginterferon α2b/ribavirin for genotype 1 infection [Thompson et al. 2010] . The retrospective analyses from the SPRINT II and RESPOND-2 studies suggest that patients with the IL-28 CC genotype 1 are highly likely to be treated for just 6 months with boceprevir. Interestingly, when the 4-week viral decline is analyzed, the 4-week viral load decline is a more potent predictor of SVR than IL-28B with boceprevir-based therapy [Poordad et al. 2011a ]
Viral resistance to boceprevir
As we enter the era of direct-acting antiviral agents, clinicians will need to monitor patients for the development of resistance-associated variants when SVR is not achieved. The addition of directacting antiviral agents, such as boceprevir, can select for drug-resistant mutations. The early phase II RESPOND-1 study used a suboptimal dose of boceprevir without ribavirin, and high rates of viral breakthrough due to resistance-associated variants were noted. The low-dose ribavirin arm in part 2 of the SPRINT I study was associated with high rates of viral breakthrough, suggesting that full-dose ribavirin is also required for optimal response to peginterferon α2b and ribavirin. With ideally dosed boceprevir (800 mg three times a day), peginterferon α2b, and ribavirin and optimal response, there is viral suppression of wild-type strains with the replication of resistanceassociated variants likely inhibited by the backbone of peginterferon α2b and ribavirin. In the SPRINT I study, population sequencing of the NS3 domain demonstrated that the major mutations noted were V36M, T54S, and R155K, with minor mutations noted of T54A, V55A, R155T, A156S, V158I, and V170A. It is likely that a greater frequency of drug-resistant mutations were generated in the low-dose ribavirin arms, in which high rates of relapse and breakthrough lower sustained response rates were observed. Additional studies with final sequencing are still ongoing and the long-term clinical significance of these resistant mutations is being assessed in follow-up trials. Optimal doses of ribavirin with fulldose boceprevir is the best strategy to minimize resistance, in combination with peginterferon α2b. In the future, combinations of direct-acting antiviral therapies may provide the ideal treatment strategy to prevent the emergence of viral resistance as has been demonstrated in an in vitro study [Flint et al. 2009 ].
Conclusions
The standard therapy for HCV genotype 1 achieves SVR in approximately 50% of patients. The addition of direct-acting antiviral agents, such as boceprevir, peginterferon α2b, and ribavirin will improve SVR rates and shorten treatment duration in patients with genotype 1 infection. Boceprevir is not approved for use in genotype 2 and 3 infection. In vitro and in vivo data have demonstrated that boceprevir has potent viral suppression, and early phase II trials have shown that the optimal boceprevir dose is 800 mg three times a day. The SPRINT I trial results have established several important findings. First, the addition of boceprevir, regardless of treatment strategy, improves SVR rates. A lead-in strategy may reduce relapse and prevent breakthrough, though the arms were not large enough to demonstrate statistical superiority. Peginterferon α2b/ ribavirin responsiveness appears to be important in achieving SVR when boceprevir is added. In the 28-week and 48-week treatment arms, SVR rates were substantially improved, and in the 48-week treatment arms there was a near doubling of the rate -75% versus the peginterferon α2b/ribavirin control SVR of 38%. Finally, response rates in African American patients with cirrhosis whose condition typically responds poorly to peginterferon α2b/ribavirin therapy were also substantially higher. These results were confirmed in the phase III SPRINT-2 and RESPOND-2 trials. Boceprevir added to peginterferon α2b/ribavirin improved SVR rates in patients who were treatment naïve and in those whose condition did not respond. Furthermore, boceprevir has been approved for the treatment of genotype 1 hepatitis C in the USA.
As with the development of other direct-acting antiviral agents, the emergence of resistance to protease inhibitors will be an important consideration. Data suggest that these drug-resistant mutations retain peginterferon α2b/ribavirin sensitivity. Optimally dosed boceprevir and ribavirin will minimize the development of these resistant strains. Finally, in vitro data on boceprevir and a polymerase inhibitor, and recently published data suggest that a combination of protease and polymerase inhibitors may be a successful strategy to reduce the risk of viral development of resistance. In addition, a combination of multiple direct-acting antiviral agents will be an emerging strategy to improve SVR rates and limit the emergence of resistance [Flint et al. 2009; Gane et al. 2010] . Moving forward, the addition of boceprevir to peginterferon α2b and ribavirin represents an important advance in the treatment of patients with genotype 1 hepatitis C.
